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ABSTRACT
Magnetic polarity stratigraphy and stable isotope data from Ocean
Drilling Program Leg 202 Core 202-1237B-31H allow calibration of the
late Oligocene climate transition to the geomagnetic polarity timescale
(GTS 2004). Oxygen isotope (δ18O) values in the benthic foraminifer
Cibicidoides mundulus decrease from ~2.20‰ in upper Chron 9n (Oi2b)
to ~1.90‰ in upper Chron 8r. The mean decrease is smaller than sug-
gested by a recent compilation of benthic foraminifer δ18O records. The
decrease occurs in three steps from 323 to 321 meters composite depth
(mcd) within Chron 8r (27.027–26.554 Ma), and is here termed the
“Chron 8r δ18O shift.” Linear interpolation within Chron 8r estimates
an age of 26.35 Ma for the final decrease to lower values marking initia-
tion of the late Oligocene climatic optimum. The initial decrease at
~26.7 Ma is closely associated with the last occurrence of Paragloborota-
lia opima (P21/P22 planktonic foraminifer zonal boundary) between
322.51 and 322.76 mcd in lowermost Chron 8r. This study is a modest
step toward an integrated magnetic polarity and astronomical chrono-
stratigraphy for the late Oligocene based on Site 1237.
INTRODUCTION
Oxygen isotope data on benthic foraminifers from deep-sea cores
have provided a useful history of Cenozoic climate change. Existing
records exhibit minimum values during the early Eocene, consistent
with an ice-free world with very warm deep-sea temperatures reaching
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MAGNETOSTRATIGRAPHIC CALIBRATION 2~12°C (Miller et al., 1987; Zachos et al., 2001) (Fig. F1). The early
Eocene is inferred to be the warmest >1-m.y. interval of the past 70 m.y.
and is generally considered a “greenhouse world.” Based on a recent
global compilation of deep-sea benthic foraminifer oxygen isotope
records (Zachos et al., 2001), the long-term increase in Cenozoic δ18O of
~3.2‰ must reflect some combination of deep-sea cooling and polar
ice sheet growth. Because present-day ice sheets account for ~1‰
equivalent δ18O, the remaining 2.2‰ is consistent with cooling of 9°–
11°C over the course of the Cenozoic (Miller et al., 1987; Flower, 1999;
Zachos et al., 2001). Three rapid increases in benthic δ18O are generally
inferred to include significant ice sheet growth, including increases
near the Eocene/Oligocene boundary at ~33.5 Ma, during the middle
Miocene at ~14 Ma, and during the late Pliocene at ~2.75 Ma.
The long-term increase in benthic δ18O is interrupted by two major
decreases during the late Oligocene at ~26 Ma and the early Miocene at
~17 Ma (Zachos et al., 2001). Compilation data from the late Oligocene
suggest a >1‰ decrease in δ18O following oxygen isotope event Oi2b
(Miller et al., 1991) at ~26 Ma (Fig. F1). This decrease is attributed to a
combination of deep-sea warming and Antarctic ice volume decrease
(Miller et al., 1988, 1991; Zachos et al., 2001), leading to the peak of late
Oligocene warmth. Significantly, data prior to the excursion come pri-
marily from southern Indian Ocean Site 744 on Kerguelen Plateau
(61°34.66′S, 80°35.46′E; water depth = 2307 m), whereas those after-
ward come from equatorial Atlantic Ocean Drilling Program (ODP) Site
929 on Ceara Rise (5°58.57′N, 43°44.4′W; water depth = 4356 m). Con-
sequently, the magnitude and rapidity of the benthic δ18O decrease is
uncertain because few continuous high-resolution records with paleo-
magnetic age control exist for the late Oligocene.
Deconvolving the ice volume and temperature components of the
benthic δ18O signal is a continuing challenge in Cenozoic paleoceanog-
raphy. Mg/Ca data on benthic foraminifers provide an independent
means to track Cenozoic deep-sea temperature history (Lear et al., 2000,
2004; Martin et al., 2002; Billups and Schrag, 2002). Furthermore, the
combination of Mg/Ca and δ18O analyses in benthic foraminifers allows
separation of temperature effects and isolation of the δ18O composition
of seawater (δ18Osw). Existing Mg/Ca records exhibit a complex relation-
ship to the benthic δ18O compilation (Lear et al., 2000, 2004). Indeed,
substantial mismatches are apparent in the late Oligocene and early
Miocene. Deep-sea temperatures exhibit no mean increase during the
late Oligocene that might parallel the benthic δ18O decrease (Fig. F1),
although they exhibit considerable variability of ~2°C (Lear et al.,
2004). Accordingly, the late Oligocene benthic δ18O decrease must
mainly reflect δ18Osw decrease. Nevertheless, temperature variability of
~2°C could mask ~0.44‰ δ18Osw variability based on a recent calibra-
tion (Lynch-Stieglitz et al., 1999), reflecting some combination of high-
frequency salinity and ice volume effects.
In this paper, we present high-resolution late Oligocene Cibicidoides
mundulus stable isotope records from deep Pacific Hole 1237B, tied to
the new geomagnetic timescale (GTS 2004) (Gradstein et al., 2004).
These data define the magnitude and timing of the late Oligocene δ18O
decrease and associated δ13C changes in the deep Pacific Ocean. Com-
parison of δ13C records with those from the other major ocean basins
addresses the role of Atlantic-Pacific deep circulation in this climate
transition.
Partial or ephemeral
Full scale and permanent
-2-1012345
0
10
20
30
40
50
60
70
late Oligocene
warming
Ag
e 
(M
a)
Pa
le
oc
en
e
Eo
ce
n
e
O
lig
oc
en
e
M
io
ce
ne
Plio.
Plt.
N
. H
em
is
ph
er
e 
Ic
e 
Sh
ee
ts
An
ta
rc
tic
 Ic
e 
Sh
ee
ts
West Antarctic 
Ice Sheet
East Antarctic 
Ice Sheet
mid-Miocene
Climate Optimum
δ18O (‰  VPDB)
Oi-1 glaciation
Early Eocene
Climate Optimum
Late Paleocene
Thermal Maximum
Temperature (°C)
Climatic events 
0 4 128
F1. Cenozoic δ18O data, p. 10.
B.P. FLOWER AND K.E. CHISHOLM
MAGNETOSTRATIGRAPHIC CALIBRATION 3TECTONIC AND OCEANOGRAPHIC SETTING
Site 1237 (proposed Site NAZCA-17A) was drilled at 16°0.421′S,
76°22.685′W (Shipboard Scientific Party, 2003) on the easternmost
flank of Nazca Rise about 140 km off Peru in 3212 m water depth (Fig.
F2). Site 1237 overlies oceanic crust with an estimated age of 40–45 Ma
based on seafloor magnetic anomalies (Cande and Haxby, 1991). Nazca
Rise, a fossil hotspot track with its present-day expression at Easter Is-
land, has moved eastward by ~20° toward the Peru-Chile Trench since
42 Ma. Because thermal subsidence effects are difficult to constrain on
this oceanic rise, it is not known how shallow Site 1237 was during its
early history. Another complication is extensive deformation and fault-
ing prior to subduction of the Nazca plate beneath Peru; however,
benthic foraminiferal assemblages indicate a middle to lower bathyal
depth in the late Oligocene (A.E. Holbourn et al., pers. comm. 2005).
Site 1237 is located near the eastern edge of the northward-flowing
Peru-Chile Current (a.k.a., the Humboldt Current) that forms the cold
eastern boundary current of the South Pacific subtropical gyre. Its mod-
ern position is within the productive upwelling system off Peru. In its
early history, Site 1237 lay in the oligotrophic subtropical gyre, and
therefore biologic production and biogenic sedimentation rates were
lower. The present-day water depth of Site 1237 lies in a mixing zone of
relatively oxygen rich (nutrient depleted) Circumpolar Deep Water that
enters the Peru Basin as bottom water through the Peru-Chile Trench
and relatively oxygen depleted (nutrient rich) Pacific Central Water
(PCW) (Lonsdale, 1976; Tsuchiya and Talley, 1998) (Fig. F3). Tectonic
backtracking to shallower depths suggests that Site 1237 lay within the
equivalent of modern PCW during the Oligocene (Shipboard Scientific
Party, 2003).
MATERIALS AND METHODS
Hole 1237B was cored by double advanced piston coring to a depth
of nearly 360 meters composite depth (mcd), reaching sediments of
early Oligocene age. Paleomagnetic inclination data (25-mT demagneti-
zation on the shipboard pass-through magnetometer) reveal detailed
records of late Oligocene Chrons 7Ar to 9n in Core 202-1237B-31H
(Shipboard Scientific Party, 2003). In particular, three reversals are re-
corded in this core, which span 281.0–290.5 meters below seafloor and
316.41–327.07 mcd (Fig. F4). Interpretation of these paleomagnetic
chrons is supported by biostratigraphic data. The late Oligocene calcar-
eous nannofossil zonal boundary NP24/NP25 (27.3 Ma) lies near the
base of this core, and the planktonic foraminifer zonal boundary P21/
P22 (26.8 Ma) lies within the core (Shipboard Scientific Party, 2003).
These ages are obtained by magnetobiostratigraphic correlations (Berg-
gren et al., 1995) updated to the GTS 2004 (Gradstein et al., 2004).
Samples of 20 cm3 were taken at 5-cm intervals from Core 202-
1237B-31H, freeze-dried, weighed, washed over a 63-µm sieve, oven-
dried at <50°C, and picked for C. mundulus from the >150-µm size frac-
tion. Where possible, four to eight C. mundulus specimens (40–100 µg)
were used for stable isotope analysis. Oxygen and carbon isotope data
were generated using a ThermoFinnigan MAT Delta Plus XL stable iso-
tope ratio mass spectrometer (SIRMS) equipped with a Kiel III auto-
mated carbonate preparation device. External precision, based on
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MAGNETOSTRATIGRAPHIC CALIBRATION 4>1000 National Institute of Standards and Technology (NBS)-19 stan-
dards run since July 2000, is better than ±0.08‰ for δ18O and ±0.04‰
for δ13C. Estimated precision based on replicate analyses is ±0.15‰ for
δ18O and ±0.07‰ for δ13C (n = 6). Data are reported relative to the Vi-
enna Peedee belemnite carbonate standard. Coarse fraction data are cal-
culated as weight of the >63-µm size fraction divided by dry bulk
weight and expressed as percentage. Planktonic foraminifers were also
studied in selected samples to refine the biostratigraphy. Supporting
data are available electronically in the Janus database (www-
odp.tamu.edu/database/) and in the CHRONOS Data Repository
(www.chronos.org).
RESULTS
Oxygen isotope δ18O values in C. mundulus exhibit a series of 0.1‰–
0.6‰ variations from 316.41 to 327.07 mcd in Core 202-1237B-31H
(Fig. F4). Highest values reaching ~2.4‰ are recorded in upper Chron
9n. Lowest values reaching ~1.8‰ are recorded in upper Chron 8r. Su-
perimposed upon the mean decrease of ~0.30 is a series of three steps
from 323 to 321 mcd within Chron 8r (27.027–26.554 Ma in GTS
2004). The initial decrease at 322.9 mcd is closely associated with the
last occurrence of Paragloborotalia opima (P21/P22 planktonic foramini-
fer zonal boundary) between Samples 202-1237B-31H-5, 10 cm, and
31H-5, 61 cm (322.51–322.76 mcd), in lowermost Chron 8r.
Carbon isotope δ13C values exhibit a series of 0.1‰–0.6‰ varia-
tions, including a distinct positive excursion of ~0.5‰ between 321.6
and 318.4 mcd (Fig. F4). Lowest values reaching ~0.5‰ are recorded in
upper Chron 8r, and highest values reaching ~1.1‰ are recorded in
lower Chron 8n. The δ13C maximum at 319.2 mcd occurs 2 m above the
final decrease in C. mundulus δ18O at 321 mcd.
DISCUSSION
Stratigraphic Correlations
Linear interpolation between inclination reversals recorded in Core
202-1237B-31H (Fig. F4) and the base of Chron 9n in Core 32H (Ship-
board Scientific Party, 2003) is used to develop the age model. Calibra-
tion to the new GTS 2004 (Gradstein et al., 2004) indicates an age span
from ~27.2 to 25.3 Ma and sedimentation rates ranging from 4.05 to
6.79 m/m.y.
Magnetic polarity stratigraphy and oxygen isotope data from Core
202-1237B-31H confirm some previously suggested correlations. In par-
ticular, high C. mundulus δ18O values in upper Chron 9n are considered
to define Oi2b, the last in a series of distinct δ18O maxima in the Oli-
gocene (Miller et al., 1991). This association has been found at Deep Sea
Drilling Project (DSDP) Site 529 (Miller et al., 1991), whereas Oi2b is re-
corded in Chron 8r at Site 522 (Miller et al., 1988). This δ18O maximum
may also correlate with glacial marine sequences in the Ross Sea (Leckie
and Webb, 1986). Here we confirm that the highest values interpreted
to represent Oi2b are recorded in upper Chron 9n (0.30–0.60) after the
late Oligocene δ18O decrease. The initial C. mundulus δ18O decrease at
~26.7 Ma is associated with the last occurrence of P. opima (P21/P22
planktonic foraminifer zonal boundary) between 322.51 and 322.76
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ful marker for the initiation of the Chron 8r δ18O shift.
The transition from Oi2b to the late Oligocene climate optimum ap-
pears to span nearly all of Chron 8r (27.027–26.554 Ma in GTS 2004)
(Fig. F5). This transition is composed of three temporary decreases of
0.3‰–0.5‰ at ~26.7, 26.5, and 26.35 Ma based on an assumed con-
stant sedimentation rate of 5.52 m/m.y. in Chron 8r. The final decrease
to low C. mundulus δ18O values occurs in upper Chron 8r and marks the
initiation of the late Oligocene climatic optimum and is here termed
the “Chron 8r δ18O shift.” The amplitude of our δ18O variations is some-
what less than predicted by recent reconstructions of sea level variabil-
ity in the Oligocene (Pekar and Miller, 1996; Kominz and Pekar, 2001;
Pekar et al., 2002), but we have not estimated the influence of deepwa-
ter temperature variability on our δ18O record.
Despite the lack of independent deepwater temperature proxy data,
our δ18O record can be used to test the idea that a significant reversal of
the long-term “greenhouse to icehouse” trend was initiated by rapid
deep-sea warming during the late Oligocene (Zachos et al., 2001). Un-
derstanding this reversal in the Cenozoic greenhouse to icehouse trend
has important implications for the stability of polar ice sheets. In partic-
ular, if ice mass equivalent to the modern-day Antarctic ice disappeared
at this time, it might strengthen the case for an unstable East Antarctic
Ice Sheet; however, our data and those of Lear et al. (2004) indicate that
the late Oligocene δ18O decrease was much less than that reconstructed
based on spliced records from different ocean basins (Zachos et al.,
2001). Modest changes in Antarctic ice volume are more in line with ev-
idence for persistent grounded ice in the Ross Sea during the late Oli-
gocene (Hayes and Frakes, 1975; Leckie and Webb, 1986; DeSantis et al.,
1995) and terrestrial evidence that indicates temperate climates
throughout the late Oligocene (Askin, 1992).
Our stable isotope data resolution (~10–20 cm sampling) is not suffi-
cient to define the full spectrum of orbital-scale variability. The δ18O
values hint at substantial glacial–interglacial cycles of ~0.6‰ ampli-
tude, particularly from ~26.7 to 26.3 Ma during the Chron 8r δ18O shift
(Fig. F5). Visual inspection shows three distinct episodes in <400 k.y.
that may reflect climate cycles in the eccentricity band. In addition,
percent coarse fraction data (5 cm sampling) exhibit considerable vari-
ability in the 100- to 400-k.y. band during the ~27.2 to 26.3 Ma inter-
val, indicating a promising interval for further study. Percent coarse
fraction is controlled by a combination of carbonate production and
preservation, including corrosivity to carbonate due to deep ocean ven-
tilation and circulation changes. Our δ13C data, another index of deep
ocean ventilation and circulation changes, do not exhibit a clear rela-
tion to δ18O at the current resolution.
Indo-Pacific and Atlantic Deep Circulation
Our late Oligocene C. mundulus δ13C data can be compared with sim-
ilar existing records from the North Atlantic, Southern, and Indian
Oceans to investigate large-scale circulation patterns. The long-term
variations in deepwater dissolved inorganic carbon δ13C recorded by
benthic foraminifers are controlled by reservoir changes in carbon cy-
cling, mainly the relative proportion of carbon deposited as organic and
inorganic carbon; however, interocean δ13C gradients at a given time re-
flect aging of deep waters as they accumulate remineralization products
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MAGNETOSTRATIGRAPHIC CALIBRATION 6along the flow path (Broecker and Peng, 1982). This approach has been
used by many other workers investigating Paleogene deep circulation
(e.g., Miller and Fairbanks, 1985; Wright and Miller, 1993). Accordingly,
Cibicidoides δ13C records from these regions were placed on a common
timescale by an integrated paleomagnetic and oxygen isotope stratig-
raphy (Zachos et al., 1996, 2001) and updated to the GTS 2004 (Grad-
stein et al., 2004). 
Examination of Cibicidoides δ13C records from North Atlantic DSDP
Site 563 (33°38.53′N, 43°46.04′W; water depth = 3786 m), Southern
Ocean ODP Site 689 (64°31.01′S, 03°05.99′E; water depth = 2200 m), In-
dian Ocean ODP Site 744 (61°34.66′S, 80°35.46′E; water depth = 2307
m), and Southeast Pacific Ocean Site 1237 reveals interocean gradients
very different from the modern ocean (Fig. F6). These records have
been correlated to Site 1237 based on magnetic polarity stratigraphy
updated to GTS 2004. Interocean δ13C gradients are small during the
late Oligocene (<0.5‰) Throughout most of the interval studied, how-
ever, the highest δ13C values (youngest deep waters) are recorded at In-
dian Ocean Site 744 and Pacific Ocean Site 1237, while the lowest
values (oldest deep waters) are recorded at North Atlantic Site 563 with
intermediate values at Southern Ocean Site 689. Such a pattern is con-
sistent with an Indo-Pacific to Atlantic aging of deep water during the
late Oligocene, as suggested by earlier work (Kennett and Stott, 1990).
No major change in this pattern is observed in association with the late
Oligocene climate transition, but the uncertainties of interocean corre-
lation based on paleomagnetic data with different stratigraphic resolu-
tion require caution in interpreting this finding.
CONCLUSIONS
Oxygen isotope δ18O values in the benthic foraminifer C. mundulus
decrease from values of ~2.20‰ in upper Chron 9n (Oi2b of Miller et
al., 1991) to values of ~1.90‰ in upper Chron 8r. The decrease (0.30–
0.60) occurs within Chron 8r in three steps at ~26.7, 26.5, and 26.35 Ma
(GTS 2004) and is here termed the “Chron 8r δ18O shift.” The final de-
crease at ~26.35 Ma marks the initiation of the late Oligocene climatic
optimum. The initial decrease at ~26.7 Ma is closely associated with the
last occurrence of P. opima (P21/P22 planktonic foraminifer zonal
boundary) between 322.51 and 322.76 mcd in lowermost Chron 8r.
This zonal boundary may represent a useful marker for the Chron 8r
δ18O shift. Overall, this study is a modest step toward an integrated
magnetic polarity and astronomical chronostratigraphy for the late Oli-
gocene based on Site 1237.
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MAGNETOSTRATIGRAPHIC CALIBRATION 10Figure F1. Compilation of benthic oxygen isotope data from Cenozoic deep-sea cores (after Zachos et al.,
2001). Note prominent δ18O decrease of >1‰ during the late Oligocene at ~26 Ma against the long-term
Cenozoic δ18O increase. VPDB = Vienna Peedee belemnite.
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MAGNETOSTRATIGRAPHIC CALIBRATION 11Figure F2. Location map (Shipboard Scientific Party, 2003) showing Sites 1237 and 1236 on Nazca Ridge
and their tectonic backtrack paths, plus annual mean sea-surface temperature (SST). Note that Site 1237 was
within the subtropical South Pacific gyre during the late Oligocene. Also shown are positions of the Peru-
Chile Current (PCC) and the South Equatorial Current (SEC).
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MAGNETOSTRATIGRAPHIC CALIBRATION 12Figure F3. Meridional cross-section of southeastern Pacific (Shipboard Scientific Party, 2003) showing wa-
ter masses based on dissolved oxygen concentrations (Levitus et al., 1993). Site 1237 at 3212 meters water
depth is shown in relation to Pacific Central Water (PCW), Circumpolar Deep Water (CPDW), Antarctic
Intermediate Water (AAIW), and Gunther Undercurrent (GU). During the late Oligocene, Site 1237 was
probably at a shallower water depth and in the mixing zone between PCW and CPDW.
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MAGNETOSTRATIGRAPHIC CALIBRATION 13Figure F4. Magnetic polarity data (inclination after 25-mT demagnetization on the shipboard pass-through
magnetometer) and stable isotope data (based on the benthic foraminifer Cibicidoides mundulus) vs. depth
in Core 202-1237B-31H. Also shown are interpreted paleomagnetic Chrons 7Ar to 9n and last occurrence
(LO) of the calcareous nannofossil Sphenolithus distentus (Shipboard Scientific Party, 2003) and LO of the
planktonic foraminifer Paragloborotalia opima (this study). The late Oligocene climate transition occurs as
a three-step decrease in δ18O within Chron 8r (here termed the “Chron 8r δ18O shift”), immediately follow-
ing Oi2b of Miller et al. (1991). VPDB = Vienna Peedee belemnite.
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MAGNETOSTRATIGRAPHIC CALIBRATION 14Figure F5. Stable isotope (based on Cibicidoides mundulus) and percent coarse fraction (weight percentage
of the >63-µm fraction) data vs. age in million years before present (Ma) in Core 202-1237B-31H. Also
shown are paleomagnetic Chrons 7Ar to 9n (Gradstein et al., 2004) and last occurrence (LO) of the calcar-
eous nannofossil Sphenolithus distentus (Shipboard Scientific Party, 2003) and LO of the planktonic foramin-
ifer Paragloborotalia opima (this study). The initiation of the Chron 8r δ18O shift is associated with LO of P.
opima. VPDB = Vienna Peedee belemnite.
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MAGNETOSTRATIGRAPHIC CALIBRATION 15Figure F6. Stable carbon isotope data (based on Cibicidoides mundulus) from southeast Pacific Site 1237 (this
study), southern Indian Ocean Site 744 (Barrera and Huber, 1992), North Atlantic Site 563 (Miller and Fair-
banks, 1985), and Southern Ocean Site 689 (Kennett and Stott, 1990). Higher and lower δ13C values indicate
younger and older deep waters, respectively. Interocean δ13C gradients are small during the late Oligocene
(<0.5‰), but consistent with an Indo-Pacific to Atlantic aging of deep waters. VPDB = Vienna Peedee be-
lemnite.
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